* S Supporting Information CONSPECTUS: Heterogeneous catalysts are widely employed in technological applications, such as chemical manufacturing, energy harvesting, conversion and storage, and environmental technology. Often they consist of disperse metal nanoparticles anchored onto a morphologically complex oxide support. The compositional and structural complexity of such nanosized systems offers many degrees of freedom for tuning their catalytic performance. However, a rational design of heterogeneous catalysts based on an atomistic-level understanding of underlying surface processes has not been fully achieved so far and remains one of the primary goals for catalysis research. In our group, we developed concepts for replacing highly complex real supported catalysts by simplified model systems, which complexity can be gradually increased in order to mimic certain structural aspects of practically relevant catalysts in a controlled way. Well-defined model systems consisting of metalnanoparticle ensembles supported on planar oxide substrates have proven to provide a successful approach to achieve fundamental insights into heterogeneous catalysis. In this Account, two mechanistic case studies focusing on an atomistic-level understanding of surface chemistry are presented in which we investigate how the nanoscopic nature of metal clusters affects their interaction with the adsorbates and the reactive processes. Particularly, we investigate the effects of the particle size and the flexibility of the atoms constituting metal clusters on the binding energy of gas-phase adsorbates, such as CO and oxygen. We identified two major structural factors determining the binding energy of gas phase adsorbates on metal nanoparticles: the local configuration of the adsorption site and the particle size. While the effect of the local configuration of the adsorption site was found to be adsorbate specific, the reduction of the cluster size results in a pronounced decrease of binding energy for both adsorbates and appears to be a general trend. In the second case study, we address the role of the surface modifiers, such as carbon, on the process of hydrogen diffusion into volume of Pd nanoparticles that was previously identified is an important step in hydrogenation chemistry. We provide for the first time direct experimental evidence that, inline with the recent theoretical predictions, the atomically flexible low-coordinated surface sites on Pd particles play a crucial role in the diffusion process and that their selective modification with carbon results in marked facilitation of subsurface hydrogen diffusion. By virtue of these examples, we demonstrate how model studies on complex nanostructured materials may provide an atomistic view of processes at the gas−solid interface related to heterogeneous catalysis.
■ INTRODUCTION
Heterogeneous catalysts employed in technology are highly complex multicomponent materials, whose structural and chemical composition can be effectively tuned to enable high reaction rates and high selectivity. 1 The complexity of these materials is their principal advantage that allows adjustment of chemical and adsorption properties of these materials to optimize their performance in a specific reaction. At the same time, this enormous chemical and structural complexity of real catalysts prevents detailed atomistic understanding of structure−reactivity relationships and hinders rational design of new catalytic materials. As a strategy to overcome this problem, we developed concepts to prepare model systems based on single crystalline oxide films, which are used as supports for metal and oxide nanoparticles. 2 Such models allow us to introduce important complexity features inherent to realistic catalysts in a highly controlled way, while keeping them accessible for most of the surface science techniques available nowadays, and systematically investigate the role of structural factors affecting the catalytic performance at the atomistic level.
For the controlled molecular design of new catalytic and other functional materials, a detailed knowledge of the reaction mechanisms, kinetics, and energetics of the adsorbate−surface interaction is required that provides a basis for fundamental understanding of how the surface binds the molecules and guides them through various elementary steps to the products. While a number of fundamental aspects of the elementary surface processes related to heterogeneous catalysis were understood on model single crystal surfaces, 3 such fundamental information is not always available for practically important nanostructured materials. In the scope of the nanostructured model catalysts approach, we go beyond the traditional atomistic studies on single crystalline surfaces and try to answer the following question: how does the nanoscopic nature of metal particles affects their catalytic properties?
Here, we present two mechanistic case studies focusing on an atomistic-level understanding of elementary reaction steps in surface chemistry on metallic nanoparticles. Particularly, we investigate how the particle size and the flexibility of the atoms constituting metal clusters affect the binding energy of gasphase adsorbates by employing single crystal adsorption calorimetry. In the second study, we focus on hydrogen interaction with Pd nanoparticles and on the role of the surface modifiers, such as carbon, in this interaction. Specifically, we investigate diffusion of hydrogen into the volume of Pd clusters by carrying out an isotope exchange reaction and follow the changes in the hydrogen subsurface diffusion rate upon carbon deposition. By virtue of these examples, we demonstrate how model studies on complex model materials may help to unravel an atomistic view of processes at the solid−gas interface related to heterogeneous catalysis.
■ BINDING ENERGY OF ADSORBATES: PARTICLE SIZE EFFECTS
The performance of a heterogeneous catalyst strongly depends on the bond strength of the adsorbed surface species and on the relative thermodynamic stabilities of the reaction intermediates. It is one of the most important fundamental questions in catalysis research: How does the strength of a molecule−particle bond depend on the size of supported metal nanoparticle? Particularly, the interaction of carbon monoxide and oxygen with transition metal nanoparticles is of pivotal importance for a variety of industrially and environmentally relevant processes such as CO oxidation in exhaust catalytic converters and methane combustion.
The interaction of oxygen and carbon monoxide with palladium surfaces has been the subject of numerous studies, performed both on single crystal surfaces 4−11 and on welldefined model systems consisting of Pd nanoclusters supported on thin oxide films.
12−16 Presently, a very detailed microscopiclevel understanding of oxygen interaction with palladium is available, which turned out to be a complex interplay between chemisorption, 5−7,10 diffusion of oxygen into the subsurface region and bulk, 5, 6, 11 formation of surface oxide layers, 8, 17 refaceting, 5, 12 particle reconstruction, 13 and bulk oxide formation. 8, 17 Despite this comprehensive understanding and general agreement on the surface chemistry of the oxygen− palladium system, quantitative information on binding energies of oxygen on Pd nanoparticles is still missing, which is precisely because of the richness of the surface chemistry as oxygen desorption occurs above the temperatures related to subsurface O diffusion, surface oxide formation, and particle restructuring. These side processes together with the restrictions imposed by the kinetic modeling of the temperature-programmed desorption (TPD) spectra strongly limit the quantitative determination of binding energies of oxygen on Pd nanoparticles by traditional desorption-based methods, which results in a strong scatter of data available in literature. The energetics of CO interaction with well-defined metal nanoparticles were previously addressed indirectly in nonisothermal TPD experiments 18 and in isothermal modulated molecular beam studies. 12 However, these indirect methods based on modeling of the desorption process did not provide a clear trend in the changes of the adsorption energy with the particle size: whereas the TPD studies found a decrease of the adsorption energy by about 10 kJ·mol −1 on the 2.5 nm sized Pd particles compared with that of the extended single crystal surfaces, the kinetic model used for analysis of the molecular beam experiments predicted a pronounced increase of the adsorption energy by about 35 kJ·mol −1 on the particles smaller than 1.5 nm. A strategy to overcome the shortcomings of the desorption-based methods is a direct calorimetric measurement of adsorption enthalpies under isothermal conditions. 19 Here, we report on the first direct calorimetric measurement of oxygen and CO binding energies on Pd nanoparticles investigated as a function of particle size and with the reference to a Pd(111) single crystal. We apply a newly developed UHV single crystal adsorption calorimeter (SCAC) 20 based on molecular beam techniques in combination with infrared reflection adsorption spectroscopy (IRAS) to investigate the effect that the reduced dimensionality of metallic particles has on the interaction strength with adsorbates.
The model surfaces employed in this study consist of Pd nanoparticles supported on a well-ordered thin Fe 3 O 4 film grown on a Pt(111) single crystal (for details of the preparation procedure and structural characterization by scanning tunneling microscopy (STM) see ref 16) . Five different supported systems with different particle sizes were prepared with the average number of Pd atoms per particle of about 110, 220, 430, 720, and 4760 (1.8−8 nm in diameter). According to STM data, the particles are crystalline and grow predominantly in (111) orientation with a small fraction of (100) facets. All Pd clusters are three-dimensional, as evidenced by the comparison of the average number of Pd atoms per particle and the "footprint" of the clusters obtained by STM as well as by transmission electron microscopy (TEM). This observation excludes the possibility of strong metal−support interaction in this system. By applying IRAS, TPD, and sticking coefficient measurements, we proved that CO does not adsorb at the Fe 3 O 4 support at the investigated adsorption temperature of 300 K. The Fe 3 O 4 film was chosen as a substrate exhibiting an outstanding stability under applied experimental conditions.
The dependence of initial CO adsorption energies ( Figure  1a ), corresponding to adsorption of a few CO molecules per Pd nanoparticle, on particle size shows a pronounced trend: the initial heat of adsorption decreases with decreasing particle size, from 126 ± 7 kJ·mol −1 on 8 nm Pd particles to 106 ± 2 kJ· mol −1 on 1.8 nm clusters. Additionally, all investigated particles showed smaller initial adsorption enthalpy compared with the single crystal surface (149 kJ·mol −1 ). With this, it was clearly shown for the first time by a direct calorimetric method that the initial adsorption energy of CO strongly decreases with decreasing particle size even despite the fact that the relative fraction of the low-coordinated adsorption sites (edges and corners), which would normally be expected to bind the adsorbates more strongly, increases on small particles. Obviously, some other size-dependent properties of a Pd nanocluster must be responsible for the observed decrease of the initial CO adsorption energy with decreasing particle size.
Two alternative microscopic effects may contribute to the observed decrease of the initial CO adsorption heat with decreasing particle size: (i) weakening of the chemisorptive interaction and (ii) reduction of the van-der-Waals attraction. First, the decrease of the chemisorption energy can result from the contraction of the lattice parameter of a small metal nanoparticle, which was demonstrated experimentally 21 and predicted theoretically. 22 This phenomenon has been rationalized to result from the decreasing average coordination number of atoms with higher surface-to-volume ratio of the cluster. This lattice contraction in small metal clusters was theoretically shown to result in a reduction of the adsorbate binding energy. 23 This finding agrees with the principle of bond order conservation: 24 in "contracted" clusters, one expects weaker adsorption bonds and stronger binding within the adsorbate as a result of saturated valences among the substrate atoms. A second reason for adsorption energy of a gas-phase molecule to decrease on the small metal clusters is a feasible weakening of dispersion force (van-der-Waals interaction) that is induced by the dynamic response of bulk electrons of the metal to charge density fluctuations in an adsorbed molecule. The large overall magnitude of the decrease in the heat of adsorption obtained in our study (about 40 kJ·mol −1 relative to the Pd(111) surface) allows us to suggest that most likely reduction of both van-derWaals interaction and chemisorption strength contributes to the overall decrease of the adsorption heat.
To address the dependence of the initial O adsorption energies on Pd particle size, four different supported model systems with different nominal Pd deposition thicknesses ranging from 0.6 to 7 Å (particle size 2−8 nm) were investigated by SCAC. By applying TPD and sticking coefficient measurements, we proved that O 2 does not adsorb at the Fe 3 O 4 support at the investigated adsorption temperature of 300 K. The initial heats of adsorption on all supported systems are displayed in Figure 1b In contrast, an unexpectedly high O 2 adsorption high energy value (275 kJ·mol −1 ) was measured on the largest Pd nanoparticles. This value cannot be compared with any value reported in previous TPD studies, neither for low Miller index Pd surfaces nor for stepped Pd crystals, which typically span the range between 190 and 230 kJ·mol −1 . 4, 6, 7, 11 Thus, this high initial adsorption energy must be related to some structural feature inherent to Pd nanoparticles that cannot be reproduced even by the steps of the high Miller index Pd surfaces. Such adsorption sites on Pd nanoparticles might be the low coordinated surface sites (edges, corners). In previous STM studies on supported Pd nanoparticles, oxygen was shown to modify such sites first, indicating that they are the strongest adsorption sites on a Pd cluster.
shown in Figure 1c , it was possible to determine that adsorbed oxygen preferentially accumulates at the low-coordinated sites (particle edges and corners) in the low-coverage limit. For a detailed discussion of IRAS data, see ref 25 . Briefly, the spectrum of CO on pristine Pd nanoparticles is dominated by a sharp adsorption feature at 1980 cm −1 (1) that mainly originates from bridge-bonded CO adsorbed at low coordinated surface sites, such as particle edges and corners. Additionally, a peak of lower intensity at 1956 cm −1 (2) is observed alongside a broad low-frequency shoulder (3; 1950− 1820 cm −1 ). These latter bands (2 and 3) were previously assigned to CO adsorbed on bridge and hollow sites predominantly on Pd(111). After adsorption of submonolayer amounts of oxygen, drastic changes are observed in the spectrum for the adsorbed CO. The edge-related peak at 1980 cm −1 (1) is strongly attenuated, whereas the feature at 1956 cm −1 gains in intensity. Taking into account these observations and the dipole coupling effects, we conclude that oxygen preferentially accumulates at the low-coordinated sites such as particle edges and corners. Therefore, we can unambiguously attribute the unexpectedly high initial adsorption energy (275 kJ·mol
), measured in a calorimetric experiment on supported Pd nanoparticles, to oxygen adsorption at edge and corner sites.
The dependence of the O adsorption energy on the particle size shows a clear trend: it strongly rises from ∼205 to 250− 275 kJ·mol −1 when changing from Pd(111), where oxygen adsorbs at 3-fold-hollow sites, to large Pd nanoclusters, where oxygen first occupies particles edges. However, if the local adsorption site (the edge/corner site) was preserved, and only the particle size was reduced, the initial oxygen adsorption energy was observed to strongly decrease, reaching the value of 205 kJ·mol −1 on the smallest Pd nanoparticles. Thus, the reduction of the Pd cluster size results in an opposite trend− decrease of the adsorption energy, with a magnitude that is comparable to the effect of the change of the local adsorption environment. The latter trend, decreasing adsorption energy with decreasing particle size, 26 coincides with the trend observed for CO adsorption.
Strong decrease of the oxygen binding energy on the particles with decreasing particle size can be rationalized within the same microscopic picture that was discussed earlier for CO adsorption: weakening of the chemisorptive interaction due to reduction of Pd−Pd interatomic bond length in contracting clusters and reduction of the van-der-Waals attraction. The latter effect is expected to play a more important role for the interaction of CO with Pd clusters and be of minor importance in case of oxygen.
In summary, we investigated, for the first time, the particle size dependence of CO and O 2 adsorption energy on welldefined Pd nanoparticles and on an extended Pd(111) single crystal surface in a direct calorimetric study. Two microscopic structural parameters were identified to affect the binding strength of the adsorbates in two principle ways: (i) via the change of the local adsorption environment that can result, for example, in stronger adsorbate bonding at the particle edges and (ii) via contraction of Pd lattice in small clusters and a concomitant weakening of chemisorptive interaction. The change of the local adsorption environment from a 3-fold hollow position on extended Pd(111) single crystal to an edge site of Pd nanoparticles results in a strong increase of oxygen binding energy by about 70 kJ·mol measured for the smallest investigated nanoparticles. In total, these effects were found to result in counteracting trends: the increase of the O−Pd binding strength due to adsorption at the low-coordinated surface sites and the decrease of the O−Pd adsorption energy due to reduced particle dimensions. For CO adsorption, the local coordination of the binding site was observed not to play a major role in determining the binding energy, while the reduced particle size was found to result in strong decrease of the CO adsorption energy. This latter trend coincides with the particle size dependence of O adsorption energy on Pd particles.
In total, the decreasing adsorption energy observed in our studies with decreasing particle size both for CO and oxygen adsorption is indicative of the general nature of this phenomenon, which might be connected to the theoretically predicted weakening of chemisorptive interaction due to the contraction of the lattice parameter of the Pd cluster.
■ SUBSURFACE HYDROGEN DIFFUSION INTO PD NANOPARTICLES: ROLE OF LOW-COORDINATED SURFACE SITES AND FACILITATION BY CARBON
The ability of the nanosized clusters of transition metals to absorb atomic hydrogen has pivotal importance for a wide variety of the industrially relevant applications, including heterogeneous catalysis. Recently, the crucial role of hydrogen absorbed in the subsurface region of the active metal phase was established in a number of surface science studies on hydrogenation of alkenes and alkynes. 27−29 For these applications, activated hydrogen diffusion into the subsurface of a metal particle is an essential elementary step, which can critically control the overall performance of the catalyst. 29, 30 Recent mechanistic studies on olefin hydrogenation evidence that truly catalytic sustained reactivity on Pd nanoparticles can be achieved only if the subsurface hydrogen reservoir can be effectively replenished under reaction conditions and propose that this process can efficiently proceed only in the presence of carbon. 29, 30 Even though the important role of carbonaceous deposits for the activity and selectivity of transition metals has been recognized for a long time in the catalytic community, the role of how carbon acts in surface processes involving hydrogen at the microscopic level is not yet understood.
The interaction of hydrogen with transition metals was extensively studied by both experimental and theoretical methods for several decades, 31−34 but the microscopic details of the diffusion process into the subsurface region remain largely unexplored. This is mainly because the range of the experimental tools sensitive to hydrogen and capable of addressing the dynamics of hydrogen diffusion in a timeresolved way are very limited.
In this study, we experimentally addressed the kinetics of hydrogen diffusion into the subsurface on well-defined model Pd nanoparticles supported on a well-ordered Fe 3 O 4 /Pt(111) thin film and on Pd(111) by performing pulsed multimolecular beam experiments. Particular emphasis was placed on understanding the role of atomically flexible low-coordinated surface sites, such as edges and corners of Pd nanoparticles, on the diffusion process and on exploring how modification of these sites with carbon affects the subsurface diffusion rate. To probe The model catalyst consists of Pd nanoparticles of ∼7 nm size that are mainly terminated by (111) facets and exhibit lowcoordinated surface Pd atoms incorporated into edges, corners, and (100) facets. 16 Submonolayer amounts of carbon were deposited at the particle by thermal decomposition of butene, 29 and it was established spectroscopically that carbon occupies predominately edge sites of the Pd nanoparticles while leaving the regular (111) terraces nearly unchanged. 35 Recent theoretical calculations suggest enhanced stability of carbon between the first and the second Pd layer. 36 Figure 2a shows a desorption trace of D 2 from Pd nanoparticles. Two distinct peaks with maxima at 295 and 320 K can be identified. Previously, by performing hydrogen depth profiling via resonant nuclear reaction analysis (rNRA), 34 it was possible to clearly attribute the high temperature peak to associative recombination of strongly bound H(D) species adsorbed on the surface, which will be indicated in the following as H surf (D surf The clear distinction of two desorption regimes allowed us to separately probe the kinetics of the processes dominated by either (i) associative desorption of subsurface species, H sub (D sub ), or (ii) processes governed by desorption of more strongly bound surface species, H surf (D surf ). For this purpose, the following experimental approach was used: we exposed the model surface to a continuous high flux D 2 molecular beam until both the surface and the volume of Pd particles were saturated with D and then a second molecular beam applied 60 s long pulses of low flux H 2 with a reactant of ratio D 2 /H 2 = 71 upon the surface. The time evolution of the reaction product HD was monitored by quadrupole mass spectrometry. At a sufficiently low reaction temperature (260−280 K), the HD formation rate is dominated by association of subsurface-related species (note that this pathway results in the consumption of the subsurface species but does not necessarily occur via recombination of two subsurface H atoms, see detailed discussion in ref 37) .
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Figure 2b−d shows the time evolution of the HD formation rate in response to the H 2 beam pulse in the low-temperature regime for three surfaces: Pd(111) and clean and C-precovered Pd nanoparticles. On Pd(111) (Figure 2b ), a clear parallel reaction behavior can be observed: after the H 2 beam was opened, the rate of HD formation increases rapidly within approximately 4 s and then exhibits an inflection point before reaching a steady state value after ∼40 s. The height of the final plateau is about twice that of the inflection point. On clean and C-precovered Pd particles (Figure 2c,d) , a similar fast increase of the reaction rate is observed initially to the inflection point (within the first 4 s), but the following increase to a steady state level occurs more rapidly, in about 9 s for the C-free and 6 s for the C-precovered Pd particles.
The initial fast-rising component of the HD formation rate can be rationalized in terms of the known desorption behavior of hydrogen from Pd by HD formed in the reaction between D sub , which is already present in the saturated particles, and surface H surf , which is very quickly formed by spontaneous nonactivated dissociation of H 2 in the pulsed beam, typical for a number of the transition metal surfaces including Pd. 31 In contrast, the slower component of the HD rate can originate from reaction between D surf and H sub , the latter species being formed in a slow activated process of H diffusion into the subsurface. 31 Within the scope of this model, the reaction rate, R HD , of the low-temperature channel includes two terms: related to the association process between already present D surf and slowly formed H sub . It should be pointed out that the observed parallel reaction behavior, consisting of two clear reaction branches with two different characteristic times, suggests a reaction mechanism involving the direct association of one subsurface D sub (H sub ) with one surface-adsorbed H surf (D surf ) species. In contrast, if only one type of hydrogen species, formed with the same time constant, were involved in HD formation, only a single reaction channel could be observed.
The initial formation rate of H sub directly depends on the rate constant for subsurface hydrogen diffusion. The slow rise of the second branch of the HD formation reaction to the steady state on the close-packed Pd(111) indicates a slow formation rate of H sub on the extended single crystal and, hence, low subsurface diffusion rate constant, k diff . Faster HD formation rate in the second branch and, consequently, faster formation of H sub on Pd particles can be attributed to much faster diffusion rate constant, k diff , on the particles. This might be a result of the atomic flexibility of the nanoclusters, particularly at the lowcoordinated surface sites such as edges and corners, which allows easier H penetration into the volume of the particles. Employing detailed kinetic modeling of the experimental data, 37 it was possible to calculate that the diffusion rate constant, k diff , of H from the surface into the subsurface region of Pd is faster on clean Pd nanoparticles by a factor of ∼5.4 compared with that on Pd(111). What is more important, Cdeposition at the edges of Pd nanoclusters was found to increase the diffusion rate constant, k diff , by a factor of roughly two compared with clean Pd nanoparticles.
Finally, we probed the HD exchange in a broad range of pressure conditions in steady state regime. Figure 2e shows the steady state HD formation rates obtained in these experiments for the reaction temperatures 260 and 320 K. Carbon deposition was found to affect the HD formation rate in a dramatically different way for the two reaction temperatures: whereas at 320 K, preadsorbed carbon reduces the overall reaction rate by about 30%, the reaction rate increases by about 100% at 260 K on the carbon-precovered particles for all pressures studied. The decreased HD formation rate in the high-temperature regime (320 K), where HD formation proceeds via recombination of the surface-adsorbed species, H surf and D surf , can be easily rationalized as a consequence of blocking of adsorption sites by carbon. Interestingly, even though a part of the surface is blocked by carbon, the HD formation rate significantly increases in the low-temperature regime (260 K), where desorption is dominated by recombination of the subsurface-related species (H surf + D sub and D surf + H sub ). This effect can be explained only by the higher formation rate of the subsurface H sub (D sub ) species on the C-modified particles resulting in a higher steady state concentration by a factor of 2 of these species in the subsurface (note that at this low temperature, the surface is saturated with H surf and D surf so that the total coverage of H surf + D surf is equal to one for all surfaces). This result is in perfect agreement with the time evolution of the HD product presented in Figure 2b − d, which also suggests that the effective subsurface diffusion rate constant (k diff ) on the Pd particles increases after C deposition by about factor of 2. It should be noted that at the microscopic level, facilitation of the subsurface H diffusion through the Cmodified low-coordinated sites is most likely even more pronounced. Indeed, the nearly 100% increase of the overall subsurface diffusion rate arises from modification of only ∼20% of the surface sites constituting edges and corners of Pd particles. Microscopically, this means that the local diffusion rate through these C-modified sites increases by at least an order of magnitude. These results are in the excellent qualitative and in a good quantitative agreement with the theoretical predictions. 38 These theoretical calculations revealed that carbon deposition at the particles edges results in expansion of Pd lattice with vanishing of the activation barrier for hydrogen subsurface diffusion. Such effect could be observed only at the atomically flexible Pd nanoparticles but not at the atomically stiff extended Pd(111) surface, which demonstrates conceptual importance of the atomic flexibility of metal nanoparticles for hydrogen diffusion into subsurface.
In conclusion, we have probed the kinetics of H subsurface diffusion in Pd nanoparticles using pulsed multimolecular beam experiments. The HD exchange reaction was carried out in a temperature regime at which it is limited by the formation of subsurface H sub species, and the process of subsurface H diffusion occurs at experimentally measurable time scales. By comparing the time evolution of the HD product on the model supported Pd nanoparticles and extended Pd(111) surface, we show that the H subsurface diffusion critically depends on the structure of the surface and is considerably facilitated on the atomically flexible Pd nanoparticles. Moreover, in agreement with theoretical predictions, modification of the atomically flexible low-coordinated surface sites, such as edges and corners, with carbon was found to substantially increase the subsurface diffusion rate. The observed phenomena provide important insights into the microscopic details of hydrogen interaction with technically relevant transition metal surfaces and underline the exceptional importance of the atomic flexibility of metal nanoparticles and the surface modifiers that are usually formed under catalytic reaction conditions.
■ CONCLUDING REMARKS
Two case studies presented in this Account were supposed to demonstrate and underline how model studies on nanostructured surfaces may be employed to investigate complex problems in catalysis and provide fundamental insight into surface processes on technologically relevant surfaces. In the first study, we have shown that the reduced dimensions of the Pd substrate can affect the binding strength of the adsorbates in two principle ways: (i) via the change of the local adsorption environment that can result, for example, in stronger adsorbate bonding at the particle edges and (ii) via contraction of Pd lattice in small clusters and a concomitant weakening of chemisorptive interaction. With this, particle size effects can strongly affect the equilibrium coverage of the surface species and the overall reactivity. The presented experimental data provide important benchmarks for upcoming theoretical calculation on materials with reduced dimensions. In the second case study, we discussed interaction of hydrogen with Pd, particularly, diffusion of hydrogen into the volume of Pd material, a technologically very important process. We were able to demonstrate that, in line with theoretical predictions, carbon deposited at the low-coordinated sites (edges, corners) of Pd nanoclusters strongly facilitates hydrogen penetration into subsurface and allows it to maintain high concentrations of subsurface hydrogen under the technologically relevant reaction conditions. Here, the atomic flexibility of small Pd nanoparticles and their ability to expand the lattice in the presence of carbon was theoretically predicted to be responsible for facilitation of subsurface hydrogen diffusion. Our experimental data confirm this hypothesis and provide important atomistic insights into the surface chemistry involving hydrogen. These findings illustrate a very complex interplay between the inherent structural properties of metallic nanoparticles, such as size and the atomic flexibility, and the effects of surface modifiers. We believe that these mechanistic insights into surface chemistry will help to close a gap between models and real catalysts.
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